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yeast cytochrome c to the surface of various uitrathin lipid

multilayers using x-ray diffraction
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ABSTRACT  X-Ray diffraction was used to characterize the profile structures of ultrathin lipid multitayers having a bound surface layer
of cytochrome ¢. The lipid multilayers were formed on an alkylated glass surface, using the Langmuir-Blodgett method. The
ultrathin lipid multilayers of this study were: five monolayers of arachidic acid, four monolayers of arachidic acid with a surface
monolayer of dimyristoyl phosphatidylserine, and four monolayers of arachidic acid with a surface monolayer of thioethyl stearate.
Both the phosphatidylserine and the thioethyl stearate surfaces were found previously to covalently bind yeast cytochrome ¢, while
the arachidic acid surface electrostatically binds yeast cytochrome c. Meridional x-ray diffraction data were collected from these
lipid multilayer films with and without a bound yeast cytochrome ¢ surface layer. A box refinement technique, previously shown to
be effective in deriving the profile structures of ultrathin multilayer lipid films with and without electrostatically bound cytochrome c,
was used to determine the multilayer electron density profiles. The surface monolayer of bound cytochrome ¢ was readily apparent
upon comparison of the multilayer electron density profites for the various pairs of ultrathin multilayer films plus/minus cytochrome
c for all cases. In addition, cytochrome ¢ binding to the multilayer surface significantly perturbs the underlying lipid monolayers.

INTRODUCTION

Cytochrome c is a relatively small peripheral membrane
heme protein that interacts with a number of integral
membrane electron transfer proteins (2). For example,
cytochrome ¢ has been shown to bind to both the
cytochrome bc, complex and cytochrome ¢ oxidase in its
participation in the electron transfer reactions of the
mitochondrial inner membrane. In addition, cytochrome
¢ interacts strongly with lipid monolayer and bilayer
systems (1-3, 13). The elucidation of the structural nature
of these various interactions is important for understand-
ing the mechanism of electron transfer among these
membrane associated proteins.

Recently, we have fabricated a membrane system
consisting of an ultrathin fatty acid multilayer film,
formed via the Langmuir-Blodgett technique, possessing
a surface monolayer of electrostatically bound horse
heart cytochrome ¢ (4-6). Previous structural studies
have firmly established the position of this electrostati-
cally bound cytochrome ¢ surface monolayer with re-
spect to the profile structure of these ultrathin lipid
multilayer films, using both nonresonance and reso-
nance x-ray diffraction (5, 6). In addition, optical linear
dichroism was used to determine the orientation of the
heme group of electrostatically bound horse heart cy-
tochrome ¢ or covalently bound yeast cytochrome ¢ on
the surface of ultrathin lipid multilayer films (4). The
orientation of the heme group of the bound cytochrome
¢, coupled with the previously derived structural informa-
tion, showed that this lipid multilayer film/protein sur-
face monolayer system provides a vectorially oriented

cytochrome ¢ which could be used as a ligand to bind
membrane associated electron transfer proteins such as
photosynthetic reaction centers (4-6).

This study extends the previous structural studies to
include the profile structures of ultrathin lipid multi-
layer films having a surface monolayer of dimyristoyl
phosphatidylserine or thioethyl stearate (TES) to which
yeast cytochrome ¢ can be covalently bound (as obtained
via nonresonance x-ray diffraction). It has been previ-
ously found that a cysteine residue on yeast cytochrome
¢ located near the carboxy-terminus at sequence posi-
tion 102 forms a covalent linkage spontaneously with the
thiol moiety of TES, or with the amine moiety of
phosphatidylserine (4, 7). Comparisons are made be-
tween the results of these structural studies and the
results from our previous cytochrome ¢/lipid multilayer
studies. In particular, the utilization of the covalent
complex of TES and yeast cytochrome c is discussed as a
vehicle to study the supramolecular organization of
biomolecular complexes of cytochrome ¢ with integral
membrane proteins, such as cytochrome oxidase, cy-
tochrome bc,, or photosynthetic reaction centers.

MATERIALS AND METHODS

Flat glass plates (11 x 25 x 1 mm’) were coated with octadecyl-
trichloro- sitane (OTS, Aldrich Chemical Co., Milwaukee, WI),
according to the method by J. Sagiv (8) to form a hydrophobic
substrate surface. Arachidic acid (Aldrich Chemical Co.) was zone
refined with 50 zone passes at a rate of 1 cm/h and the purity of the
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center fraction confirmed by Differential Scanning Calorimetry (DSC)
measurements {DuPont 990, Wilmington, DE). Dimyristoyl phosphati-
dylserine was purchased from Avanti Polar Lipids Inc. (Birmingham,
AL). Mercaptoethanol, methyl methane thiosulfonate, stearic acid,
stearic anhydride, and pyridine were products of Aldrich. Yeast
cytochrome ¢ from Saccharomyces cerevisiae was obtained from Sigma
Chemical Co. (St. Louis, MO).

The thioethyl ester of stearic acid with a protected sulfhydryl group,
namely thiomethyl-thioethyl stearate, was synthesized. The procedure
was essentially that of Ganong and Bell (9), with modifications to
synthesize a thiol-fatty acid ester vs. the phosphatidyl- thioglycerol of
the original report (4). Lipid monolayers (arachidic acid, thiomethyl-
thioethyl stearate, and dimyristoyl phosphatidylserine) were deposited
onto the alkylated glass substrates via the Langmuir-Blodgett tech-
nique at the constant surface pressure of 20 dyne/cm, as described
previously (5). Four monolayers of arachidate were deposited onto
each substrate; a final surface monolayer consisting of arachidic acid,
thiomethyl-thioethyl stearate, or phosphatidylserine was then depos-
ited (with the subphase surface being cleaned before the formation of
the thiomethyl-thioethyl stearate or phosphatidylserine monolayers).
The resulting hydrophilic film surface was always thereafter in contact
with the polar solvent, with the final buffer being 1 mM NaHCO, at
pHS.

The Langmuir-Blodgett multilayer films containing a surface mono-
layer of thiomethyl-thioethyl stearate were activated before use by
removing the thiomethyl group. This was done by placing the glass
slide substrate into a glass vial containing the 1 mM NaHCO,,
pH 8.0 = 0.2, and 0.1 mM dithiothreitol for 1 h. The supernatant was
then replaced with 1 mM NaHCO,, pH 8.0 + 0.2 three times before
combining with cytochrome c.

Ultrathin multilayer films consisting of five lipid monolayers (with
surface of arachidic acid, thioethyl stearate, or phosphatidylserine)
were incubated for 48 h or more in 10 pM yeast or horse heart
cytochrome ¢ solution in 1 mM NaHCO,, pH 8. Each film was removed
from the cytochrome ¢ solution, and incubated with 1 mM NaHCO,
buffer for 2 h or more. The buffer was changed every 5 min until there
was no detectable cytochrome ¢, measured spectrophotometrically in
the supernatant. The glass slide substrate supporting the ultrathin
multilayer films was then suspended in a quartz cuvette (1 cm path
length), containing a solution of 1 mM NaHCO, and between 0.01 and
0.1 mM Ascorbate (to reduce the cytochrome ¢) at pH 8, and the
optical absorption spectra were recorded with a double beam spectro-
photometer to determine the amount of bound cytochrome ¢ (4).

Meridional x-ray diffraction was obtained from the multilayers as a
function of g, = (2 sin 8)/A, corresponding to elastic photon momen-
tum transfer along the z-axis, perpendicular to the substrate plane.
This meridional x-ray diffraction arises from the projection of the
three-dimensional multilayer electron density distribution along radial
vectors lying in the layer planes perpendicular to the z-axis onto the
z-axis; the projection is defined as the electron density profile for the
multilayer. The incident x-ray beam defines an angle omega (w) with
the substrate plane (x-y). Meridional x-ray diffraction is observed for w
equal to 0, where 26 is the angle between the incident and scattered
beams. The multilayers were therefore positioned on the w axis of a
two-axis Huber diffractometer which was scanned over an appropriate
range of w values permitting the collection of meridional diffraction
data with a low impedance position-sensitive detector (PSD) aligned
along the g, direction and mounted on the 28 axis. An Elliott (GX-6)
rotating anode x-ray generator was used to preduce the incident Cu K,
x-rays at a target loading of ~2.5 KW/mm® K, x-rays were selected
with a mickel filter and line focused parallel to the w-axis at the PSD
entrance window using Franks’ optics. The wet lipid multilayer films
with or without cytochrome ¢ were equilibrated in a helium atmo-

sphere of 98% relative humidity, and all samples were maintained at
room temperature during the experiment.

Details regarding w-scan parameters have been outlined previously
(5). Each w-scan required ~ 10 h, resulting in an oscillation pattern
which represents the meridional intensity function /(g,). Each inten-
sity function was corrected for background scattering followed by a
Lorentz correction of g, to correct for oscillation of the multilayers in
the w-scan to yield the corrected intensity function I (g, ).

RESULTS

It was previously determined from the optical absorp-
tion spectra of the various ultrathin lipid multilayer films
pre-incubated with cytochrome ¢ that the amount of
protein bound to the surface was consistent with a close
packed monolayer bound to the lipid multilayer film
surface (4,5). It was also shown that the interaction
between yeast cytochrome ¢ and the arachidic acid
surface was mainly electrostatic, while the interaction
between yeast cytochrome ¢ and either TES or phosphati-
dylserine was covalent (4, 5).

Meridional x-ray diffraction data from each uitrathin
multilayer film, plus/minus a bound surface layer of
yeast cytochrome c, were collected: Fig. 1 shows the
corrected intensity data I{qg,) for the ultrathin films
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FIGURE1 The corrected meridional intensity functions for ultrathin

multilayer films consisting of four monolayers of arachidic acid and a
monolayer of thioethyl stearate (TES), shown with a solid line, and
four monolayers of arachidic acid, a monolayer of TES, and a
covalently bound monolayer of yeast cytochrome ¢, shown with a
dotted line.
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having four monolayers of arachidic acid and a surface
lipid monolayer of TES (AAAA/TES), and four mono-
layers of arachidic acid, a surface lipid monolayer of
TES, plus a covalently bound layer of yeast cytochrome ¢
(AAAA/TES/cyto). The corrected intensity functions of
Fig. 1 are indicative of diffraction from asymmetric
multilayers of finite extent, as discussed previously (5).

The one-dimensional Fourier transform of the cor-
rected meridional intensity function yields the autocorre-
Iation functions of the multilayer relative electron density
profile, which requires no phase information. The auto-
correlation functions for each set of intensity data were
calculated; these autocorrelation functions are approxi-
mately pseudoperiodic in d,, where 4, is the profile
extent of one AA bilayer, and decay monotonically to
zero with increasing |z| for |z] > D,, where D, is the
extent of the multilayer profile composed of » monolay-
ers, so that D, = nd /2. Small amplitude, low spatial
frequency oscillations centered about the zero baseline
extend beyond |z| = £D,, due to the truncation of the
data for ¢, < g, and to errors in the corrected
intensity function dominated by errors in background
scattering correction at low gq,.

By comparing the autocorrelation functions calcu-
lated for the AAAA/TES multilayer (Fig. 2, fop), and
the AAAA/TES/cyto multilayer (Fig. 2, bottom), the
effects of the bound yeast cytochrome ¢ surface layer on
the multilayer profile structure are indicated. The re-
gions of the autocorrelation functions over the range of
the horizontal arrows are most sensitive to the presence
or absence of bound cytochrome c; they are dominated
by the correlations of the relative electron density profile
features of the multilayer’s first monolayer (fatty-acid)
on the alkylated glass substrate with the last surface
monolayer (TES) * cytochrome c. We note that signifi-
cant features exist within this region of the autocorrela-
tion function for the AAAA/TES cyto multilayer, which
are absent in the comparable regions of the autocorrela-
tion function for the AAAA/TES multilayer (Fig. 2).

The box refinement procedure, which utilizes the
simple boundary condition that the multilayer relative
electron density profile is zero outside of a box of length
D, has been effectively applied to diffraction data from
finite systems to produce correct multilayer profiles
(5, 10). This technique is an iterative procedure which
begins with the application of a phase for each point in
gq,, derived from the Fourier transform of an arbitrary
trial function, to the modulus of the experimental
structure factor; a trial function such as a ramp function,
or a phase-shifted sinusoidal function, will thus initiate
the iteration with noncentrosymmetric phases. For the
results presented here, it was found that a number of
arbitrary trial functions produced multilayer relative
electron density profiles generally containing the ex-
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FIGURE2 The multilayer profile autocorrelation (or generalized
Patterson) functions calculated from the corrected intensity functions
of Fig. 1, for ultrathin multilayer films consisting of four monolayers of
arachidic acid and a monolayer of thioethyl stearate (TES) (upper
figure) and four monolayers of arachidic acid, a monolayer of TES, and a
covalently bound monolayer of yeast cytochrome ¢ (lower figure). The
region of the autooorrelation functions indicated by the horizontal arrow is
most sensitive to the presence or absence of bound cytochrome c, as these
regions contain only the correlations of the electron density profile features
of the multilayer’s first monolayer (fatty-acid on the alkylated glass
substrate) with the last surface monolayer (TES) + cytochrome c.

pected features of fatty acid bilayer/monolayer profiles
(e.g., electron deficient terminal methyl group troughs
and electron dense carboxyl group peaks separated by
dimensionally appropriate intermediate density methyl-
ene chain groups); in addition, these profiles have the
proper number of monolayers, as independently verified
by the multilayer profile autocorrelation functions.

Figs. 3, 4 and B show the multilayer relative electron
density profiles generated after 10 iterations of the box
refinement utilizing the corrected intensity functions of
Fig. 1, A and B, respectively. For these figures, a phase-
shifted cosine trial function with a wavelength of ~2D,
and the box constraint of ~D, obtained from the
multilayer profile autocorrelation functions, were ap-
plied. The relative electron density profiles for both the
AAAA/TES multilayer and the AAAA/TES/cyto multi-
layer were thus calculated using the same trial function
and boundary constraint (Fig. 3).

In a similar manner to the AAAA/TES and AAAA/
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FIGURE3 The multilayer relative electron density profiles Ap,,(z) for nonperiodic multilayer lattices as derived via the box-refinement phasing
method, showing Ap,,(z) for an ultrathin film consisting of (4 ) four monolayers of arachidic acid and a monolayer of thioethyl stearate (TES); (B)
four monolayers of arachidic acid, a monolayer of TES, and a covalently bound monolayer of yeast cytochrome c. The alkylated glass substrate
would appear to the left of z = 0.4, while the TES polar headgroup in 4 and B occurs atz = 104 A.

TES/cyto multilayers, the relative electron density pro-
files of the following ultrathin multilayer films were
calculated: AAAAA, AAAAA/cyto, AAAA/PS (where
PS = dimyristoyl phosphatidylserine), and AAAA/PS/
cyto. Upon inspection of these six electron profiles, it
was found that the profile structure of the four underly-

ing arachidic acid monolayers deposited onto the OTS
substrate surface were nearly identical (not shown). The
major features in common to all these profiles included
well-defined terminal methyl group troughsatz = 0, 55,
and 110 A and carboxyl group peaks at z = 30 and 85 A
thereby corresponding to the expected profile extent of
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the AA bilayer of d, = 55 A (for example, see Fig. 3).
The surface lipid monolayers of either arachidic acid,
phosphatidylserine, or TES exhibited distinctive fea-
tures characteristic of monolayer profile structures,
namely a terminal methyl trough at z = 110 A, and a
polar headgroup peak at z = 140 A with an intervening
chain methylene group region.

More importantly, there were significant structural
changes which occurred both within and outside of the
surface lipid monolayer and the next underlying lipid
monolayer upon binding of yeast cytochrome c in all

cases. To depict these differences, Figs. 4, 4-C, show
only these first two monolayers at the multilayer surface
(respectively, two arachidic acid monolayers, arachidic
acid/PS, and arachidic acid/TES) with and without
cytochrome ¢ bound to the surface lipid monolayer. The
phosphatidylserine and the TES surface monolayer
profiles (the top of Figures 4, A and B, respectively) both
exhibit relatively sharp polar headgroup peaks at z =
135 A, with the TES profile having an additional
shoulder of electron density at the surface (probably due
to the electron dense thiol moiety; see Discussion). The
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FIGURE 4 The multilayer relative electron density profiles Ap,,(z) for
© the surface lipid monolayer and the next underlying lipid monolayer,
v consisting of: (4) arachidic acid/TES (top) and arachidic acid/TES/
T T T T T 1 cyto (bottom); (B) arachidic acid/PS (fop) and arachidic acid/PS/cyto
0.0 d0.0 6e.o 8.0 100.8 122.0 (bottom); and (C) arachidic acid/arachidic acid (top) and arachidic
Z ( A) acid/arachidic acid/cyto (bottom).
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profile structure of the arachidic acid surface (Fig. 4 C,
top profile) exhibits a broad carboxyl group peak be-
tween 85 A < z < 105 A. When a monolayer of yeast
cytochrome c is bound to the surface lipid monolayer of
each of the three multilayer samples, an additional
broad electron density feature appears at the surface of
each of the multilayer profile structures (bottom profiles
of Figs. 4, A-C). It has been shown previously that this
additional feature is due to the electron density of
cytochrome ¢ bound to the surface lipid monolayer
(5, 6). In all cases, the electron density feature of the
bound cytochrome c is nearly equal in amplitude to the
electron density of the adjacent lipid polar headgroup
peak; the full-width at half maximum for the cytochrome
¢ electron density feature is 25-30 A.

It has also been observed that the average electron
density of the hydrocarbon chain methylene group
region of the surface lipid monolayer decreases upon
binding of a monolayer of cytochrome c. This phenom-
ena is especially evident when comparing the surface
lipid monolayers of the top of Figs. 4,4 and B to the
bottom of Figs. 4,4 and B, respectively. In addition,
Fig. 3 B shows that the average electron density of the
hydrocarbon chain methylene group region of the sur-
face lipid monolayer with a bound monolayer of cy-
tochrome c is significantly lower than the corresponding
hydrocarbon chain methylene group regions of all four
underlying lipid monolayers. Finally, Table 1 shows that
an increase in the terminal methyl group trough to polar
headgroup peak distance occurs within the surface lipid
bilayer, and especially for the surface lipid monolayer,
upon binding cytochrome ¢ to the surface of the lipid
multilayers.

DISCUSSION

It is well established that cytochrome ¢ binding to lipid
films is highly dependent on the lipid polar headgroup
charge, as determined by the experiments varying ionic
strength and pH (2). For example, our previous studies
on cytochrome c binding to ultrathin lipid multilayers of
arachidic acid showed that the interaction was primarily
electrostatic. Although the binding of cytochrome ¢ to
simple fatty acids is primarily a nonspecific electrostatic
interaction, we have demonstrated in related experi-
ments that the lateral motion of cytochrome c is highly
restricted in the plane of the multilayer surface (as
indicated from the protein lateral diffusion constant
derived from fluoresence recovery after photobleaching
[FRAP] experiments [4]). In addition, linear dichroism
studies have shown that a high degree of orientation (as
indicated from the distribution of tilt angles about the
mean for its heme plane with respect to the membrane

plane) occurs not only for cytochrome ¢ that is covalently
bound to TES and phosphatidylserine lipid surfaces, but
also for cytochrome ¢ that is electrostatically bound to
arachidic acid surfaces (4).

The x-ray diffraction data presented in this study
confirms our previous results, demonstrating that merid-
ional diffraction can be utilized to determine the profile
structure of ultrathin lipid multilayers with a bound
surface monolayer of protein. Significant changes oc-
curred in the corrected intensity data for the ultrathin
lipid films upon cytochrome ¢ binding (Fig. 1); these
changes are reflected in the multilayer profile autocorre-
lation functions of Fig. 2, and in the electron density
profiles of Fig. 3, A and B. A comparison of the features
that appear in the region of 120 A < |z| < 150 A in the
autocorrelation functions of Fig. 2 indicates that addi-
tional electron density appears on the surface of the thin
films due to the addition of covalently bound cy-
tochrome ¢ (5). These autocorrelation functions are
independent of phase information and can be thus used
in support of the changes seen in the multilayer relative
electron density profiles, which were calculated using
intensity and phase information. In an analogous fash-
ion, a comparison of the relative electron density profiles
with and without covalently bound cytochrome ¢ in
Fig. 3,4 and B, shows that additional positive relative
electron density features appear at the surface of the
multilayers having bound protein which have been
previously identified as electron density due to a mono-
layer of cytochrome ¢ (5).

In a previous investigation of the structure of uitrathin
lipid films, it was found that the arachidic acid mono-
layer at the monolayer/air surface of the multilayer
profile was disordered (11). Indeed, the surface mono-
layer of arachidic acid shown as the top profile structure
of Fig. 4 C is indicative of the type of disorder described
previously, namely that the surface carboxyl group
electron density is distributed over a larger region of z
than for the nonsurface arachidic acid monolayers; in
addition, the average distance between the methyl group
trough to the carboxyl group peak is greater for the
surface vs. the nonsurface arachidic acid monolayers
(Fig. 4 C). This does not seem to be the case when the
surface monolayer consists of either phosphatidylserine
(PS) or TES; the distance between the methyl group
trough to the polar headgroup peak is nearly equal for
the PS or TES surface monolayers versus the nonsurface
arachidic acid monolayers (Table 1) and the top profiles
of Figs. 4, A and B, also exhibit relatively little disorder
in the outermost polar headgroup peak. Also note that
there is an additional positive relative electron density
feature at the surface of the TES monolayer outside of
the major polar headgroup peak (top profile of Fig. 4 B);
this would be an expected feature due to the sulfhydryl
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TABLE 1 Distance between methyl group trough to carboxyi
group peak (in Angstroms)

Sample Monolayer
#1 #2
A. AAAA/PS 254 253
AAAA/PS/cyto 274 26.8
B. AAAA/TES 25.5 253
AAAA/TES/cyto 275 26.3

PS, Dimyristoyl phophatidylserine; TES, Thioethyl stearate; A,
Arachidic acid. Monolayer 1: Surface lipid monolayer (PS or TES,
respectively). Monolayer 2: Next underlying monolayer (A).

of the thioethyl moiety extended normal to the surface
plane. The absence of such an additional feature at the
surface of the PS monolayer profile indicates that the
entire phosphatidyl serine moiety lies within the one
polar headgroup peak (at this limited resolution).
Under conditions where cytochrome ¢ would electro-
statically bind to a charged lipid headgroup, other
investigators have shown that cytochrome c¢ induces
significant surface pressure changes in lipid monolayer
films (1); such surface pressure changes have been
interpreted as resulting from penetration of hydropho-
bic residues of the protein among the lipid hydrocarbon
chains (1, 3). Although x-ray diffraction studies of cy-
tochrome c/lipid systems utilizing unoriented multilamel-
lar lipid vesicles have suggested this same interpretation
(13), our previous strcutural studies provided results
definitively showing such interaction of cytochrome ¢
with a surface lipid monolayer. Electron density profiles
indicated that the cytochrome ¢ monolayer penetrates
the hydrophillic lipid polar headgroup surface to the
level of the hydrocarbon chains. It is evident from the
electron density profiles shown in this study, and Ta-
ble 1, that deformation of the lipid bilayer also occurs
upon covalent binding of yeast cytochrome c. It is
possible, given the information of Table 1 and the
changes in the relative electron density of the chain
methylene group region, that the tilt of the lipid alkyl
chains relative to the monolayer plane decreases thereby
increasing the area/chain in the monolayer plane, and
thereby allowing penetration of the protein. It should
also be noted that some deformation of the tertiary
structure of cytochrome ¢ (12) may necessarily occur,
allowing its penetration of the lipid monolayer surface.
Studies have begun in which integral membrane
proteins have been bound to the cytochrome ¢ covalently
attached to the surface of an ultrathin lipid multilayer
film or a self-assemble monolayer surface (14). It has
been found that meridional x-ray diffraction can detect

the presence of a photosynthetic reaction center mono-
layer (an integral membrane protein) electrostatically
bound to the covalently attached cytochrome ¢ mono-
layer (14); further studies are underway to determine
the profile and in-plane structure of this integral mem-
brane protein complex with the covalently attached
cytochrome ¢, and to demonstrate the biochemical
viability of the cytochrome c/reaction center complex.
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